Pressure dependence of magnetism in URu2Si2 
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Neutron-scattering and specific-heat measurements of tfie fieavy-fermion superconductor URu2Si2 
under fiydrostatic pressure and witfi Rfi-doping [U(Ruo.98Rho.o2)2Si2] sliow tfie existence of two 
magnetic pfiase transitions. At tlie second-order phase transition Tm ~17.5 K, a tiny ordered 
moment is established, while at Tm <Tm, a first-order phase transition (under pressure or doping) 
gives rise to a large moment. The results can be understood in terms of a hidden OP V' coupled to 
the ordered moment m, where m and il) have the same symmetry. 

PACS numbers: 75.25.-l-z, 75.30.Kz, 75.30.Cr, 75.50.Ee, 74.70. Tx 
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The phase transition at Tm=17.5 K in URu2Si2 is one 
of the most puzzhng features in heavy-fermion systems. 
Most bulk properties display anomalies at T,„ , and in par- 
ticular there is a huge jump of AC/r„i=0.3 JK~^mol~^ 
in the specific heat [ij. These anomalies cannot be ex- 
plained by the tiny ordered moment of ~ 0.03 ^b, which 
also develops at Tm- The antiferromagnetic (AFM) struc- 
ture, observed both by neutron 0, 0, 0, IE S and x-ray 
[3 scattering, is characterized by a propagation vector 
k=(001) and dipolar moments along the c axis of the 
body-centered tetragonal structure (I4/mmm). 

In a recent tour de force experiment combiningneu- 
tron elastic scattering with high magnetic fields l7|, it 
was found that the magnetic moment in URu2Si2 did 
not disappear at 15 T as suggested by the extrapolation 
of earlier low-field data |E Q , but remains finite at 17 T 
with an inflection point near 7 T . The particular field 
dependence of the ordered moment, m(H), agrees with 
the predictions of a model containing two order param- 
eters (OPs) with the same symmetry 0, based on the 
theoretical work of Ref. ^3 ■ 

In this Letter, we present new experimental data where 
hydrostatic or chemical pressure is used to tune the inter- 
actions in the system. The main result is the existence of 
two distinct phases in the p—T phase diagram of URu2Si2 
for pressures p > pm, where pM ~ 4.9 kbar (see Fig.^, 
or for small Rh doping. The existence of two phases have 
also been inferred from thermal expansion measurements 
[ll| . but, as will be discussed later, their phase diagram 
is fundamentally different from ours. We call the two 
magnetic phases for small-moment (SMAF) and large- 
moment (LMAF) antiferromagnetic phases. The SMAF 
phase, observed below the second-order phase transition 
at Tjn « 17.5 K {T,n{p) in Fig. Q is determined from re- 
sistivity measurements under pressure, Ref. JJj), is the 
same as that observed at p—0 and is characterized by a 
small moment m and large anomalies in the macroscopic 
properties. The low-T LMAF phase, observed below the 
transition Tm, which seems to be a first-order transi- 
tion, is characterized by a large moment rii and small 
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FIG. 1: Pressure-temperature phase diagram of URu2Si2 
showing the SMAF and LMAF phases determined from neu- 
tron scattering (circles and squares) and resistivity measure- 
ments (triangles, Ref. jJJl])- The lines are guides to the eye. 



anomalies in the macroscopic properties. The SMAF and 
LMAF phases have the same magnetic structures. 

Many phenomenological theories for URu2Si2 intro- 
duce two physical quantities or "order parameters" : an 
AFM parameter m that describes ordering of localized 
dipolar 5/ moments and a hidden (unknown) order ip re- 
sponsible for the Tfn—17.5 K transition [^[l3|. It has 
been suggested that ip could originate from triple-spin 
correlators of 5/ electrons |0 or an exotic spin-density 
wave. The Landau free energy for the two OP's (up to 
fourth-order terms) can be written as 

F = a^i;'^+arr,m'^+2-ii>rn+l3^Tp'^+l3rnm^+2l3i'ip'^m^ (1) 

The coupling term ijjm is allowed only if m and Tp trans- 
form according to the same irreducible representation, 
otherwise 7 = 0. Coupling terms of type ilf^m and ipm'^ 
can be removed from Eq. |^ by linear transformation. 
Shah et al. |^ studied the above free energy at zero pres- 
sure and finite magnetic fields H and predicted an infiec- 
tion point for m{H) only in the case 7^0. This was 
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FIG. 2: Schematic phase diagram for the 20P functional Eq. 
10 for 7=0 (left panel) and 77^0 (right panel). 

recently observed experimentally 0. Motivated by this 
agreement, we investigate here the functional Eq. |^ as 
a function of pressure. 

For 7^0, the two OP's appear simultaneously below 
the transition line from the paramagnetic state Tm{p), 
given by a^ofm — 7'^. At p—Q, the AFM OP behaves as 
m w —{j/am)ip (for \a^\, \j\ ^ am)- A small coefficient 
"f/am implies weak ordered moments, while ip gives rise 
to a large anomaly in the specific heat at T^, as in the 
SMAF phase. The presence and nature of extra transi- 
tions below Tjnip) depend on quartic terms in Eq. 
Since the transition at Tm appears to be first order, we 
consider the case (3i > (i^fim- 

The p-T phase diagram for 7=0 is sketched in the 
left panel of Fig. El The line of first-order phase transi- 
tions Tm{p) between states with m—Q and ^—Q emerges 
from the kink point on Tm{p). The equation for Tm{p) 
is a^Pm = ct^Pti,- Such a phase diagram was recently 
considered by Chandra et al. |0 in their interpretation 
of small AFM moments as a phase separation effect. 

The recently observed inflection point in m{H) 0, 
however, points to an intrinsic origin of the tiny ordered 
moment and a finite 7. For 7 7^ 0, the first-order tran- 
sition line Tm(p) is stable and its position in the p-T 
plane is given by the same equation as for 7=0. How- 
ever, Tm{p) splits from the line of second order transi- 
tions Tm{p) and terminates at a critical point pc below 
Tjn (right panel of Fig. ^ . The location of the critical 
point is given by = -2|7|(/33/3™)i/7(/3, - y^p^). 
The two states above and below Tm{p) are phases with 
large ipL and small ms (SMAF) and with small -05 
and large (LMAF), respectively. A relative jump 
of the ordered AFM moments across Tm{p) is given by 

{rriL - ms)/{mL + ms) = ^ {a^ - a^)/(a^ -|- a^). The 

size of the jump varies continuously along Tm{p) and 
vanishes at p ~ Pc- The corresponding phase diagram, 
shown schematically in the right panel of Fig. [3 resem- 
bles the vapor-liquid phase diagram. 

The first evidence for the existence of two phase 
transitions were obtained from neutron scattering and 
specific-heat measurements on a Rh doped sample: 
U(Ruo.98Rho. 02)2812 0. The T dependence of the or- 
dered magnetic moment (see inset of Fig.|2} clearly shows 
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FIG. 3: Electronic specific heat (after subtraction of the 
phonon contribution obtained from ThRu2Si2) divided by 
temperature for URu2Si2 and for U(Ruo.98Rho. 02)2812. The 
inset shows the T dependence of the magnetic moment in 
U(Ruo.98Rho. 02)2812 for decreasing and increasing T. 



two transitions at Tjv/^S.S K and rm=13.2 K, with satu- 
ration moments (extrapolated to T^O) of 0.25 and 0.04 
/is, respectively. The transition at Tm has a first order 
shape (although no hysteresis was observed) while that 
at T„ is second order. These measurements were per- 
formed on the DNS neutron diffractometer at the Siloe 
reactor using a wavelength of 1.54 A and on the thermal 
triple-axis spectrometer 2T at the Orphee reactor with 
a final wave vector fc/= 2.662 on a 1.2 g annealed 
Czochralski-grown single crystal of U(Ruo.98Rho. 02)2812. 

Specific heat measurements (see Fig. show that 
while the large jump in the specific heat is associated 
with a small moment, the small jump is associated with 
a large moment estimated at 0.16 |3- This shows 
that while there is no relation between the small moment 
ms and AC/Tm, the large moment is consistent with 
the specific heat anomaly at Tm- The entropy jump of 
the LMAF transition deduced from these measurements 
corresponds to AS{Tm) = 23 mJK^^mor^ The effect 
of Rh doping is more subtle than a simple (negative) 
pressure, since Rh is not isoelectronic with Ru. The 
added electron modifies the band structure, and while 
the volume increases slightly, the low-T lattice parameter 
a decreases and c increases, as shown by X-ray measure- 
ments on the ID31 beam line at the ESRF J^]. Using 
the Clausius-Clapevron relation with AV deduced from 
the pure URu2Si2 ll"!, a large slope dTM/dp is found, 
characteristic of a first-order phase transition. 

Experiments under hydrostatic pressure on the pure 
compound show strong similarities with the Rh-doped 
sample. Neutron-scattering measurements were per- 
formed at the Institut Laue-Langevin (ILL) on the D15 
diffractometer using a wavelength of 0.85 A and on the 
IN22 triple-axis spectrometer using a final wave vector 
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FIG. 4: Normalized intensity (oc m^) of the ordered magnetic 
moment in URu2Si2 as a function of increasing temperature 
for different pressures. The pressures 8.7, 10.5, and 11.8 were 
also measured for decreasing temperature. The inset shows 
the temperature dependence of the magnetic moment m at 
p=5.05 kbar and 10.5 kbar with the two transitions. The 
arrows show the onset of the LMAF phase. 



of 2.662 A-\ A 4.8 -mm diameter crystal was cut from 
the same batch used in the high-field measurements of 
Ref. with the a axis along the 4-mm long cylinder 
axis. Standard ILL CuBe and steel clamp pressure cells 
of inner diameter of 5 or 6 mm were used for most mea- 
surement with fluorinert as pressure transmitter. Com- 
plementary measurements were made with an ILL He-gas 
pressure cell. On D15, the pressure was determined from 
the lattice spacing of a NaCl crystal mounted inside the 
pressure cells. 

The observed temperature dependence of the magnetic 
intensity (oc m^) of URu2Si2 is shown in Fig. ^ for dif- 
ferent pressures. The increase of the temperature slope, 
dm?{T)/dT, with pressure near Tm indicates that the 
phase transition is first order. This behavior is opposite 
to that expected for a pressure gradient if the transition 
is second order, and is thus an intrinsic effect. Fitting the 
expression = mg[l - [T/TmT] H leads to a<2.5 for 
pressures below 5 kbar, while a much larger value, a ~8.5, 
is obtained at higher pressures, suggestive of a first or- 
der transition. The phase diagram presented in Fig. ^ is 
constructed from the data shown in Fig. 0] where Tm is 
taken as the midpoint of the transition, which is the cor- 
rect estimate for a first-order transition in the presence 
of pressure gradients. The presence of pressure gradients, 
usually estimated to Ap/p ^ 5% for the used clamp cells, 
is clear from the strong intensity observed at 4.5 kbar us- 
ing a clamp cell (Fig.^, since measurements in a He-gas 
pressure cell at p = 4.45 ± 0.15 kbar show no (large) or- 
dered moment on D15, where the detection limit is 0.06 
fiB- We also note that the magnetic intensity saturates 
at a value of 0.33 ijb for pressures p > 6.4 kbar. The 
critical pressure for the onset of the large moment is es- 



timated to pm = 4.9 ± 0.2 kbar. As for the doped Rh 
sample (see inset of Fig. (SJ , no hystereris was observed 
in m?{T). However, the vertical slope of dT/dp in Fig.Q] 
is a strong evidence of a first-order transition. The ab- 
sence of magnetic scattering at the (0,0,2Z-|-1) reflections 
shows that the ordered moments are along the c-axis at 
all pressures, i.e. the SMAF and LMAF phases have 
the same AFM structure. We finally note that while the 
AFM Bra gg p eaks are resolution limited in the LMAF 
phase [lil Il7j . they have a finite correlation length of a 
few hundred A in the SMAF phase [111 Hill. 

The longitudinally polarized magnetic excitations were 
studied under pressure on IN22 at the two wave vec- 
tors Qi = (l,0,0) and Q2=(1.4,0,0), which correspond to 
the minima in the p=0 dispersion curve of URu2Si2 0. 
Spectra for energy transfers up to 7 meV were performed 
with fc/=1.55 and a 5-cm long Be filter in the scat- 
tered beam to reduce higher-order contamination; the 
energy resolution was 0.3 meV. Complementary spectra 
for energy transfers up to 16 meV were performed with 
/c/=2.662 and a 4-cm long pyrolytic graphite filter in 
the scattered beam; the energy resolution was 0.9 meV. 

The measurements show pronounced differences in the 
excitation spectra between the LMAF and SMAF phase. 
In the SMAF phase, Tm <T < Tm, the two excitations 
at a finite pressures of 5.0 kbar are very similar to those at 
zero pressure, with the same gap energies of Ai=1.6 and 
A2=4.5 meV at Qi and Q2, respectively [see Figs.|21[a- 
b)]. In the LMAF phase, however, the excitation at Qi 
is absent [see Fig. EIc)]. There is no clear feature at this 
wave vector in the measured spectra for energy transfers 
between 1 and 16 meV, in agreement with Ref. [isj j. 
This suggests that the Qi excitation is closely related to 
-0, which is small in the LMAF phase. The excitation 
at Q2, on the other hand, is readily seen. Its energy 
depends on pressure: we found A2=7.7, 8.6, and 9.2 meV 
at pressures of 5, 9, and 10.5 kbar, respectively. 

Our neutron scattering measurements on the 2% Rh- 
doped sample reveal that the excitations (not shown) are 
very similar to the pure compound under pressure. In 
the SMAF phase, the excitations at both Qi and Q2 are 
present. In the LMAF phase, the excitation at Qi is ab- 
sent, as in URu2Si2 under pressure, while the excitation 
at Q2 is still present. 

We will now discuss our results in the context of 
other work. Recent thermal-expansion measurements 
also observe a first-order transition under pressure |lll |. 
The authors construct a phase diagram where the first- 
order transition line appears to join the second-order line 
around a pressure of 11 kbar. This would imply that the 
coefficient 7 in Eq. is zero, in clear contradiction with 
high-field measurements .7] . Our data, cf. Fig. ^ clearly 
show that the first and second order lines are nearly par- 
allel at these pressures, and the most likely scenario is 
that the first-order line has an endpoint (cf. right panel 
of Fig. |2Jl, and hence 77^0. 
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FIG. 5: Intensity vs. energy transfer for Qi = (l,0,0) and 
Q2=(1.4,0,0). (a) SMAF phase at p =0 and T < 5 K shows 
two well-defined excitations at Qi and Q2. (b) SMAF phase 
at p=5 kbar and T > 7 K also shows two well-defined ex- 
citations (the apparent broadening of the peaks is due to a 
coarser resolution and a higher T for this measurement), (c) 
LMAF phase at p=5 kbar and T=1.5 K shows the absence of 
the Qi excitation and a strongly increased energy of the Q2 
excitation (inset). 



NMR [l9| and /iSR 20] measurements have also ob- 
served a large moment under pressure, i.e. in the LMAF 
phase. The coexistence of an AFM signal with a "para- 
magnetic" signal in the NMR measurements under pres- 
sure and a magnetic field of a few Tesla on an aligned 
but crushed powder sample by Matsuda et al. was 
interpreted in terms of a spatially inhomogenous AFM 
ordering. There are several arguments against such a 
scenario. First, it would be a curious coincident if the 
AFM and the hidden order would have the same transi- 
tion temperature in a phase-separated scenario, since m 
and ip are not coupled as they occur in different parts of 
the sample. Secondly, one would not expect the Qi ex- 
citation to disappear at a pressure where the two phases 
still coexist, just a smooth intensity change as the popu- 
lation of the two phases changes with pressure. Thirdly, 
a phase-separated scenario is inconsistent with a num- 



ber of other experiments, such as the recent de Haas- van 
Alphen measurements under pressure j^J] and the NMR 
measurements by Bernal et al. jl^- Since the temper- 
ature dependence observed in Ref. is suggestive of 
either a large pressure gradient or strong internal strains, 
it would be important to repeat ^^Si-NMR measurements 
under pressure on a well-characterized single crystal. We 
recall here that the magnetism of URu2Si2 is very sensi- 
tive to the sample quality Q. Indeed, the neutron scat- 
tering measurement under pressure on an annealed but 
otherwise uncharacterized crystal (closely related to that 
of Ref. presented in Ref. 0| are partly inconsistent 
with our neutron scattering experiments, the thermal- 
expansion measurements of Ref. jlll | , and their own fiSK 
work lioj . 

In conclusion, both the p-T phase diagram (this work) 
and the magnetic-field dependence of the ordered mo- 
ment in URu2Si2 are in excellent agreement with a 
scenario where a hidden OP is linearly coupled to the or- 
dered moment and hence breaks time-reversal symmetry. 
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